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SUMMARY
An experimental study has been made of blunt fin-induced shock

wave turbulent boundary layer interactions. This type of interaction is
known to be highly unsteady. The objective of this experiment was to

, ¢ determine the characteristics of the fluctuating surface pressure distri-
[ ; bution and the parameters controlling it. Tests have been made using fins
{ of different diameter, D, with incoming turbulent bounda:y layers varying
i in thickness, §, in the ratio of about 5:1. Measurements have been made
on the fin centerline and up to four diameters outboard of it. All tests
were made at a Mach number of 2.95 and a unit Reynolds number of 6.3 x 107
m'l, and under approximately adiabatic wall conditions.
The measurements show that very high intensity r.m.s. pressure levels

occur — up to almost two orders of magnitude above that of the incoming

L f boundary layer. The highest intensities occur on centerline ahead of the

k - fin. Here, the r.m.s. pressure distribution is characterized by three

% distinct peaks which decrease at different rates with distance outboard.

Even four diameters off centerline, the maximum r.m.s. value in the distri-

bution is still an order of magnitude larger than that of the incoming

boundary layer. Outboard of the centerline, the r.m.s. pressure level down-

stream of the freestream shock wave steadily decreases. Within a distance

of six to eight diameters it is close to the undisturbed value. With

different diameter fins and different boundary layers, the qualitative

characteristics are the same. The quantitative results depend on the
ratio D/S.
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NOMENCLATURE

D fin leading edge diameter

d transducer sensing element diameter

M Mach number

P pressure

P power axis of spectral density plot (Fig. 3)

q dynamic pressure

Re6 Reynolds number based on boundary layer thickness

t time

U velocity

u_ friction velocity

X coordinate parallel to tunnel axis measured from the fin
leading edge (Fig. 1)

Xg distance parallel to X axis measured from the undisturbed
freestream shock wave position (Fig. 1)

Y coordinate normal to the X axis in the plane of the test
surface measured from the fin leading edge (Fig. 1)

B oil streak angle measured relative to undisturbed stream
direction = BETA

8 boundary layer velocity thickness

§* boundary layer displacement thickness

] boundary layer momentum deficit thickness

v kinematic viscosity

Tw wall shear stress

@ angular frequency, rad/sec

Subscripts and other notation

w wall

© undisturbed freestream value

<> r.m.s. value




1. INTRODUCTION
Over the last few years, the Gas Dynamics Laboratory at Princeton
University has been carrying out experimental studies of shock wave tur-
bulent boundary layer interactions. Several different model geometries

have been used, ranging from swept]'2 3-7

8-10

and unswept compression corners

M-13 11 most of these

to sharp and hemi-cylindrically blunted fins.
studies, the emphasis has been on obtaining detailed surface and flowfield
mean properties, although more recently, hot-wire measurements have been
made in a two-dimensional (2-D) high Reynolds number reattaching shear

14 One of the objectives of this series of studies is to determine

layer.
the geometric and flow parameters which control the scales and character-
istics of a range of 2-D and 3-D interactions. With these parameters and
the flowfield structures known, the hypothesis that such apparently dif-
ferent interactions are members of a single family with certain common
properties, may be thoroughly evaluated.

Turbulent interactions such as these are inherently unsteady, although
a quantitative knowledge of the degree and physical extent of the unsteadi-
ness is lacking. Their unsteadiness can be seen simply by examining a set
of microsecond spark schlieren or shadow photographs taken at random inter-
vals. For a 2-D compression corner, with a shock strength sufficient to
induce a separated flow, the unsteadiness appears to be characterized by
a slight rippling motion of the wave structure. In contrast, the flowfield
ahead of a semi-infinite blunt fin, in the same flow, is extremely steady.
Photographs taken using a high speed camera with a framing rate of about
35 kHz]5 have shown that the flowfield is dominated by a randomly-varying

shock wave structure, whose motion, involving large amplitude excursions,

also appears to be random. Different diameter fins in different incoming
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turbulent boundary layers all exhibited this same qualitative behavior.

Such a high degree of unsteadiness poses problems for further experiments

and clearly has serious implications for computational studies.
Experimentally, few studies have been made of the unsteady charac-

teristics of shock wave turbulent boundary layer interactions. In the main,

these experiments have concentrated on the measurement of surface pressure

fluctuations in interactions induced by steps and 45° compression corners

16,17

on axisymmetric bodies and by oblique shock waves impinging on a 2-D

boundary layer‘.]8 One of the most extensive studies was that of Robertson19'2°
who tested several circular cylinders of various heights and diameters over
the range 0.6 < M_ < 1.6. None of the cylinders was high enough to be con-
sidered semi-infinite and no measurements were made off the centerline,
leaving the outboard characteristics unknown. However, these studies have
been instrumental in detemmining r.m.s. pressure distributions and spectral
characteristics of attached and separated flows in interactions over a range
of incoming flow conditions. The current experiments are concerned with
measuring the surface pressure fluctuations in similar blunt fin-induced
interactions. Different diameter fins have been tested in different incoming
high Reynolds number turbulent boundary layers. Measurements have been made
on the centerline and up to four diameters outboard of it. In all cases,
the fins used here were high enough to be considered semi-infinite. The
criterion necessary for this condition is described in Reference 10.

The aim of this initial set of experiments was to answer some of
the basic questions concerning the unsteadiness of blunt fin interactions.

Two main areas are addressed by this report. First, the lateral and stream-

wise extent of the unsteady region and the characteristics within it are




discussed. Second, the dependence of these characteristics on the fin

leading edge diameter and incoming turbulent boundary layer are presented.




2. EXPERIMENTAL PROGRAM

Wind Tunnel
A1l of the tests were carried out in Princeton University's high
Reynolds number supersonic, blowdown tunnel. This tunnel has a cross-

section 20 cm x 20 cm (8" x 8"), a nominal freestream Mach number of 2.95,

6

and a stagnation pressure range 4 x 105 -3.4x10 Nm"2 (60-500 psia).

The tests described here were carried out at a stagnation pressure

of 6.8 x 10° Nm~2 (100 psia) with a freestream unit Reynolds number of

about 6.3 x 107 m']. In all cases, the tests were made under approximately

adiabatic wall conditions.

Model Configurations

The basic model geometry and coordinate system is shown in Figure 1.
Two different model configurations were used. The first used the tunnel
floor boundary layer which is a 2-D, fully turbulent, equilibrium layer
with a nominal thickness of 1.6 cm at the test station. In the second con-
figuration, fins were mounted on a sharp-leading-edged flat plate which
spanned the tunnel horizontally. The boundary layer on this plate has been
surveyed laterally and streamwise and is 2-D, turbulent and in equilibrium.
Tests were made at three positions on the plate. At these locations, the
nominal undisturbed boundary layer thicknesses were 0.3 cm, 0.42 cm and
0.52 cm. Further information on these boundary layer: is given below. All
tests were made with the fin at zero angle of attack.

In both configurations, the floor-mounted pressure transducer was
fixed and the sting-mounted fin was moved relative to it. This necessarily
meant some small variation in the incoming boundary layer thickness. From

previous studies, such variations were known to have a very small effect on

the mean properties of the interaction, which are controlled primarily by D.
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Any influence on the fluctuation levels could not be easily ascertained
a priori, although early tests on the flat plate showed that changes in &
of less than about 25% had only a small influence. These are discussed
later in the report.

Incoming Turbulent Boundary Layers

The compressible wall-wake law22

was used as a criterion for judging
the condition of the incoming boundary layers. Sett‘les,2 who used the same
tunnel floor and flat plate for studies of compression corner interactions,
has shown that the mean velocity profiles fit the wall-wake law well. The
skin friction agrees with the van Driest prediction and A, the wake strength
parameter, falls within the accepted range for equilibrium turbulent boundary
layers. On the flat plate model, no boundary layer trips were used; the
freestream unit Reynolds number was sufficiently high that transition occurred

naturally near the plate leading edge.

Fluctuating Wall Pressure Measurements

The fluctuating pressures were measured using a flush mounted Kulite
differential transducer (Model XCQ-062-25D) referenced to vacuum. It is
rated for a differential pressure of up to 0.17 MNm'2 (25 psi). The sensing
élement is 0.071 cm (0.028") diameter silicon diaphragm in which a fully
active Wheatstone bridge has been bonded atomicQIIy. This type of construc-
tion has excellent hysteresis and thermal characteristics. The natural fre-
quency is specified by the manufacturer at about 500 kHz, indicating a flat

frequency resonse up to about 80 kHz. Measurements by the: manufacturer in

the lower frequency range of 0-20 kHz confirm the flat response.
The transducer was calibrated statically. Checks made before and
after wind tunnel runs showed that the calibration was consistently linear

{ and repeatable. Tests in a shock tube, carried out by Raman?3 have shown
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that transducers employing this type of construction have dynamic calibra-
tions only a few per cent lower than those obtained statically. The trans-
ducer signal was amplified, filtered and sampled digitally using a Preston
Scientific GMAD-1 A/D converter controlled by an HP1000 mini-computer.
Irrespective of sampling rate, data were taken in multiple blocks of 6144
points which were dumped from the computer core to magnetic tape for later

analysis.




3. DISCUSSION OF RESULTS

Undisturbed Turbulent Boundary Layer

Many experimental studies have been made of the fluctuating wall
pressure characteristics under attached, zero-pressure-gradient turbulent
boundary layers. Subsonic, supersonic and hypersonic flows have been
studied, with the most detailed information being available at low speed.
The broadband r.m.s. pressure levels from such studies are generally pre-
sented in nondimensional form (<P>/q, or <P,>/1,) as a function of free-
stream Mach number M_. Both approaches result in significant scatter,
particularly if <P,> is scaled by the Tocal wall shear stress, although
this may merely reflect the additional difficulty of accurately measuring
or calculating this quantity. Further, such a simple correlation technique
does not account for the experimental observations of Raman23 (also observed
in the current study) that at a fixed M_, <P,>/q_ is a function of q_.

Aside from the question of the appropriate correlation parameters,
there are many problems associated with such measurements making it diffi-
cult to determine a realistic error bar in any particular case. The ques-
tion of transducer flushness is a critical one. Hanl,y.z4 made a systematic
investigation of this problem at M = 1.68, 2.0 and 2.5 in the NASA Ames
9' x 7' tunnel. His measurements showed that a slightly protruding trans-
ducer caused large effects on the overall r.m.s. pressure level and spectral
content whereas a small recess had relatively little effect. At M_ = 1.68,
a protrusion of 0.4 mm (corresponding to .0045) increased the overal r.m.s.
level 100%. The effect decreased with Mach number: for the same protru-
sion the error at M_=2.5 was about 40%. Hanly did not comment on the
effects on the mean pressure. In the current study, it was observed that

the mean pressure decreased for a small protrusion and increased for a
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small recess. For a 0.25 mm protrusion (0.0168) the decrease was about
10% of the flush value. With an equivalent recess the increase was also
about 10%. These and Hanly's results show clearly how critical it is that
the transducer be installed flush with the surface, or at worst, slightly
recessed.

Further, the higher frequency fluctuations are generally attenuated
since pressure transducers necessarily have a finite size. The extent of
the error caused by the loss of resolution of the small scale fluctuations
is presently unclear. Emmerh'ng's25 low speed study showed that, when
<Pw>/q, is plotted versus transducer diameter d scaled by the wall variables
(<.e. duT/vw), a large increase (about 100%) in fluctuation intensity occurred

26 supported the basic

for du /v < ~100. A Tater study by Bull and Thomas
conclusion that the transducers used in many studies were too large to de-
tect a significant part of the high frequency fluctuations, but showed that
the increase in <P,> at small du; /v, was not nearly as large as that measured
by Emmerling. The increase in intensity for durl“w <100 was determined
by them to be between 20 to 40%. Under the present conditions, and those
of other high speed studies, the lowest value of du./v, obtainable with the
smallest available transducer is of order several hundred, so the possibility
of an increase in intensity for small du_/v,, cannot be determined.

Results in the form <P >/q_ versus M_ for the current study and

17,18,27,28,29

several others are shown in Figure 2. A1l the results shown

are for adiabatic wall boundary layers. [In the case of cold walls, Raman'sZ3
measurements show substantially higher intensities than would be expected
from the adiabatic correlation.] Only results for which M_ > 1 are shown

tn the figure. The subsonic data can be correlated, within a reasonable

amount of scatter, by the simple expression <P,>/q = 0.006. Lowson30 and
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Laganelli, et aZ.,3] have both developed semi-empirical expressions for
predicting the pressure fluctuations in zero-pressure-gradient supersonic

and hypersonic turbulent boundary layers. Both expressions are of the form:

W _ _ 0.006
% (1+am2)P

where a = 0.14, b = 1 in Lowson's formulation and a = 0.13, b = 0.64 in
Laganelli's formulation. Both predictions, shown as solid curves on the
figure, tend to be consistently higher than most of the data.

Power spectra for attached turbulent boundary layers have been found
to scale on an appropriate Strouhal Number. The frequency is made non-
dimensional by multiplying by a typical length and dividing by a typical
velocity. Usually, freestream velocity U  is used for the latter, whereas
8, 6* and 6 have been used as length scales. The power axis is generally
non-dimensionalized using U_ and one of the above length scales in combi-

2 2

natipn with q," or T".

spectral curves better at the higher frequencies, supporting the argument

Chyu and Hanly32 noted that using Ty correlated

that the turbulence of high frequency eddies is dominated by viscous forces
that exist near the wall.

In general, attempts to normalize spectra over a broad range of flow
conditions have resulted in a wide data spread. Th- difficulties are
exemplified by the study of Lewis, et az..33 in which twelve different
transducers were used on the wall of the NASA-Ames 9' x 7'-tunnel at Mach
numbers of 1.6, 2.0 and 2.5. The results shown in Figure 3 {l1lustrate

34

the data spread. Bies,” attempted to correlate data obtained by many

different investigators using different transducers over a wide range of

Mininabtotliniley
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Mach numbers (0.03 < M_ < 3.96) and Reynolds numbers. The data spread
obtained by Bies and the line of greatest data cluster are also shown on
Figure 3. Data from the present tests on the tunnel floor (§ = 1.6cm,
Reg = 106) are shown by the heavy solid 1ine.

i Fin Centerline Characteristics

Figure 4 shows the normalized r.m.s. (<P,/<P_>) and mean (P /P )
pressure distributions on centerline ahead of a 1.27 cm diameter fin. The
incoming turbulent boundary layer is 1.6 cm thick. Two sets of mean pres-
sures are shown. One is the calculated mean from the fluctuating pressure

signal of the Kulite transducer. The other was measured in a previous

12

study = using the corventional technique of surface tappings and a scani-

valve. The two techniques agree well.

11,12

The X axis is scaled by D, since the earlier studies have shown

that it is the appropriate parameter for correlating centerline mean pres-
sure distributions. Large changes in incoming boundary layer thickness
(for a fixed diameter fin) have been shown to result only in second order
changes in the interaction scale and characteristics, not only on the

centerline, but up to several diameters outboard.

As an aid to the general description of the centerline characteristics,

several pressure-time histories and corresponding probability density dis-

!
i
i

tributions are shown in Figures's and 6. The pressure-time plots, with

the pressure normalized by the upstream undisturbed mean static level, each
consist of 6144 points (1 data file). For comparative purposes, the scale of
the pressure axis 1s kept constant. Six files were used to calculate each
probability density distribution. The solid line on the probability density
plots is the normalized Gaussian distribution given by

AR
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22/
P(z) = (vZm)' e 2

Pw(t)‘Pw
where zZ= -—_?ﬂi:_-
where oP, is the standard deviation of the signal.

Upstream of the first peak in the r.m.s. pressure distribution
(1abelled PRy in Fig. 4) the pressure time histories at X/D =-2.75 and
-2.5 (Figs. 5b and 5c, respectively) show the motion of a compression
wave system. At X/D =-2.75, the trace shows mainly the undisturbed turbu-
lent boundary layer with pressure "spikes" or "pulses" superimposed on it. ‘
Four schlieren photographs of the flowfield ahead of the fin root are |
shown in Figure 7. These were taken at random intervals using a micro-

second spark light source. Significant variations in the wave pattern

occur from frame to frame.

At X/D = -2.75 the one-sidedness caused by the "spikes" exists for
only a small fraction of the total time. It raises the mean pressure only
a few percent above the undisturbed level, but substantially increases
the r.m.s. level of the fluctuations. The small increase in the mean
;esults in most of the signal (consisting'of the undisturbed boundary layer)
being close to, but below, the mean value. This type of pressure distri-
bution radically alters the probability density distribution (Fig. 6b).

At X/D = 2.5, close to PRy, the one-sidedness occurs more frequently
and for longer time spans, increasing both the mean and r.m.s. pressure
levels still further. The pressure increments AP[=P(t)/P_)-1] caused by
the one-sidedness is around 0.7-1.2, which, if caused by a single shock

wave, would correspond to wave angles in the range 26°-29° at this M_.

This is typical of the angles measured from the schiieren photographs.
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Even at this location, a significant fraction of the total time is stil)
spent at effectively undisturbed conditions. Since the mean value is
about 20% higher than the undisturbed level, this results in the highest
probability occurring at around -lop, from the mean. The slight bulge in
the distribution at around + 1.250p,, occurs because the higher mean and
fluctuating levels corresponding to conditions downstream of the wave system
are occurring more frequently. Further downstream, at X/D =-2.4D and-2.3D,
the sharp peak A of Figure 6b decreases rapidly and the bulge B (same figure)
develops into a well-defined peak.

The dynamic character of the flowfield in this region could not have
been inferred from a mean pressure distribution alone. The time varying
surface pressure plots show a flowfield rapidly and randomly alternating
between that associated with an undisturbed turbulent boundary layer and
that corresponding to the downstream region of a complex compression wave
system. This wave structure undergoes random excursions over significant
streamwise distances and generates high-intensity pressure fluctuations.
Ahead of the r.m.s. peak, PRy, the mean pressure steadily increases, but
this is the result of averaging two rather distinct signals. In this region,
an increase in the mean simply implies that the signal spends less time in
the undisturbed mode, whereas in a purely Gaussian process it would corre-
spond to an upward shift in the entire signal.

To obtain an accurate idea of the dynamic behavior, a probability
distribution (or pressure-time history) is needed in addition to the mean
distribution. For example, upstream influence Ly, determined from the

mean pressure distribution of Figure 4a, is at approximately X/D = -2.75.

From the dynamic point of view, Figures 5b and 6b show that the pressure
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level at this position is above the undisturbed value only about 10% of
the total time. At this point, which, from the mean point of view, is the
interaction start, the flowfield is undisturbed around 90% of the time.
At X/D = -2.5, P/P, is about 1.2, but even here, the flowfield is essen-
tially undisturbed for a significant fraction of the total time. Even at
X/D = -2.25, where P/P_ ~ 1.5, there are instances when the wave system
is further downstream leaving the local flowfield undisturbed (i.e. point
A of Figure 5d). This behavior shows up on the probability distribution as {
a small peak at around -2.50p,, from the mean.

Downstream of PRy, the one-sided nature of the pressure trace dis-

appears, and at X/D = -2.0, where a minimum in <Pw>/<Pm> occurs, the proba-

bility distribution becomes Gaussian. As the r.m.s. level steadily increases

from here to around X/D = -1.25, the probability remains Gaussian. At X/D =

-1.0 (Fig. 6f), the probability again acquires the characteristic associated

with a one-sided signal. This can be seen from the pressure time history
of Figure 5f. The physical cause of this is not clear. The branch of the
bow shock beneath the triple point is unsteady, out from schlieren photo-
graphs (Fig. 7) does not appear to move far enough upstream to be the cause

of this result. Closer to the leading edge, at X/D ~ -0.25, the same type

oM

of probability distribution reappears and 1t 1s possible that in this case !
this shock is the cause.

The r.m.s. and mean pressure distributions shown in Figure 4 are

qualitatively similar to those measured by Robertson‘g'zo shead of a
circular cylinder at M, = 1.6. The cylinder was not quite high enough

tb be considered semi-infinite, but was close to this conditfon. R.m.s.

e W S et K SEITAY R TIBn PYRPren, ¢ v

pressure peak P, (see Fig. 4) was not resolved in these measurements,

but peaks 2 and 3 were, and were approximately equal with <P >/<P_ > being
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about 16. Further, r.m.s. peaks 2 and 3 and the trough between peaks 1
and 2 occurred at about the same locations in the mean pressure distribu-
tion as observed in the current tests.

Based on these distributions, in conjunction with surface oil streak
patterns, Robertson proposed a model for the flowfield ahead of the cylinder:
downstream of the unsteady shock structure, the boundary layer separates,
with the formation of a system of horseshoe vortices below the separated

35

shear layer. Winkelmann™" has proposed a similar model. At low speeds

(v 2m/s) with a laminar boundary layer this structure does exist, as shown

36 It's existence at transonic

by the smoke visualization studies of Norman.
or supersonic speeds is an open question since, as far as is known, no flow-
field or flow visualization results are available.

In Robertson's model, PRy lies between the two major vortices. He
proposed that the shear interaction due to opposite velocity vectors
generates the intense pressure fluctuations. Upstream of this peak, the
mean static pressure in his distribution did not vary significantly, and
this was interpreted as being due to an elongated vortex underneath the
separated shear layer. The separation point occurred immediately downstream
of the unsteady shock structure and was indicated by an accumulation of oil
in the surface flow patterns. Since Robertson only made measurements on
the centerline it is not possible to see if the correlation between the
r.m.s. and mean pressures and the surface pattern persisted in some rational
way further outboard. In the current study, measurements were made on and
off centerline and surface flow patterns of this region were obtained using

a kerosine-lampblack method.3 These are discussed in a later section.

Compared to 2D interactions, such as those induced by steps, there

are both similarities and differences between the r.m.s. pressure distributions.
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Chyu and Hanly's experiments, using a 2D step (h/6 = 2) in a Mach 2.5 flow,

‘ show that close to the interaction start there is a peak in the r.m.s. dis-
tribution corresponding to PRy. The peak value was not resolved but a linear
extrapolation of the data suggests a value of <P,>/<P_> of about 35 to 40.

This is higher than that in Figure 4, but the fin results (as discussed
later) depend on the ratio D/§, and, under the appropriate conditions, PR]

: can be that high. In the step case, the value of <Pw>/<Ew> is constant through-
out the separated flow regime and aimost independent of Mach number. No
measurements were made close to the step face so the distribution in this

| region is unknown. Similar results were obtained by them with a 45° 2D ;

! compression corner. In this case, very intense fluctuation levels (<P,>/<P > 5
of order 50) were measured in the reattachment region.

‘ These 2D geometries and the blunt fin all have a highly unsteady

shock structure at the upstream boundary of the interaction. The step and

compression corner, which have similar separated flows, have similar r.m.s.

characteristics in the separated flow regions. These differ frum those of

the blunt fin, indicating that although the centerline region may have a

quasi-two-dimensional nature, the structure of the separation flow region

is certainly different.

Lateral and Streamwise Extent of Unsteady Region

Measurements of fluctuating surface pressures were made along rows

parallel to the centerline at values of Y/D up to 4. Using these, contours

I T IS VY

of constant <Pw>/<P¢> were constructed and are shown in Figure 8. Upstream

of the contour given by <Pw>/<P,> = |, the boundary layer is undisturbed.
For reference purposes, the undisturbed bow shock wave is also shown.
For comparison purposes, mean wall pressure contours, measured in ]

an earlier study, are shown in Figure 9. The characteristic double peaked
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pressure dsitribution seen on centerline (Fig. 4) extends outboard at
least 4D. The two pressure peaks, one upstream of the bow shock wave,

and one downstream of it, both decay outboard of the centerline. Pp;, the
upstream peak, decreases slowly, with earlier studies showing that at Y/D =
100, AP ~ 0.1. The downstream peak‘PM2 decreases rapidly from AP ~ 5 on
centerline to about 1 at Y/D = 1.5. At Y/D = 4 it is barely discernible.
The trough between the two peaks decreases slowly with increasing Y/D and
shifts from ahead of the bow shock on centerline to behind it around Y/D ~
2 to 3.

In an analogous way, the outboard r.m.s. pressure distributions ex-
hibit similar characteristics to those seen on centerline. With increasing
Y/D, the intensity of the fluctuations decreases. At Y/D of 4 it is still
significantly above the level of the incoming boundary layer. PRy decreases
from a value of <P,>/<P >~ 20 on centerline to about 12 at Y/D = 4, indi-
cating that the unsteady wave structure ahead of the main shock wave ex-
tends a significant distance outboard. PR, decreases more rapidly from a
well-defined peak on centerline (<P,>/<P_> ~ 20) to a small "hump"
(<P>/<P_> ~ 5) in the distribution at Y/D = 4. The resolution of the
measurements was.insufficient to characterize accurately the third peak,
but the decay is extremely rapid.

As a general observation, the fluctuations are more intense ahead of
the bow shock wave than behind it. Upstream, the contours are closely
spaced and large gradients occur, particularly in the region close to, and
around, the leading edge. Downstream of the bow shock wave, the fluctua-

tion intensity progressively decreases. Within 6D, the level has relaxed

to about twice that of the incoming boundary layer. In contrast, the mean
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distribution is more “symmetric" about the bow shock wave, with a peak

occurring both upstream and downstream of it.

Correlation of Mean and R.M.S. Pressure Distributions
with the Surface Flow Pattern

The kerosine-lampblack method was used for obtaining surface flow
patterns. An example is shown in Figure 10. This technique has effec-
tively zero frequency response. The fine detail available in the original
trace does not reproduce well, but certain features may be seen. To aid
the following discussion, characteristics such as the peaks and troughs of
the r.m.s. and mean pressure distributions and features from this surface
flow pattern are shown in Figure 11.

The turning of the originally-parallel surface streaks defines the
* extent of mean upstream influence, and correlates with the initial rise in

the mean pressure distribution. Downstream of this turning, the unsteady

\ wave structure effectively "sweeps" the surface clean, leaving it uniformly

gray. The downstream boundary of this region is a well-defined line,

generally referred to as the "primary separation” line. The r.m.s. pressure

peak PRy occurs in this region and 1ies roughly mid-way between the line

defining the mean upstream influence and the "primary separation" line.

The "primary separation" line does not result from the accumulation

of lampblack, but is a dividing 1ine and appears sharply defined on account
of the shading contrast between the two regions that it separates. It lies
! ahead of the contour defining the mean peak pressure PM] but moves pro-

gressively closer as Y/D increases. In terms of mean preséure levels, it

corresponds to a P,/P_ of about 1.7 on centerline to about 1.6 at Y/D = 4,

Whether or not this line represents separation of the incoming boundary

layer can only be properly answered through surveys or flowfield visualization.

e S T O S U
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Certain observations do tend to support a separated flow interpretation.
In the vicinity of the centerline, the bow shock and this line are approx-
imately normal to the incoming flow, and locally, the disturbed flow re-

gime may have a quasi-two-dimensional character. Earlier evidence indicates

major differences in the separated regime, but in the approach to the
"separation line", two-dimensional ideas may apply. Two-dimensional com-
pression ramp studies? using the same incoming boundary layer, show that %
the pressure ratio at separation is close to 1.7 to 1.8. This corresponds :
closely to the values given above, particularly near the centerline. Further, §
observations of the developing kerosine-lampblack pa:terns near the leading
edge show a reverse flow close to the surface. Initially, the streaks move
upstream with only a small transverse component. Within a short distance,
a large transverse component deve]ops and they are swept outboard and down-
stream.

The second r.m.s. pressure peak pRZ lies ahead of and close to the
trough in the mean pressure distribution. A close examination of the streak

* pattern shows that this trough occurs at the Tocation of the maximum streak

angle, as shown in Figure 12. The surface streak angle, B, is measured rela-
tive to the undisturbed flow direction. Checks made at other values of Y/D
consistently show the same behavior. The maximum B occurs close to the bow
shock wave and decreases rapidly downstream. Typically, within two to four
diameters further downstream, B is close to zero. The r.m.s. pressure peak,
pRZ’ which occurs just upstream of this maximum oil streak.angle, may re-
sult from the intense shearing associated with extremely large yaw angle

gradients near the wall.

Downstream of PRy, the r.m.s. pressure level progressively decreases,

as does 8, although the mean pressure rises to a second peak PMy and then
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decays gradually. It is difficult to discern on the streak pattern, but
the locus of Py, corresponds to a line about which the streaks diverge.
This divergence 1ine is often interpreted as being a "reattachment line."
However, unlike the 2-D case, where the r.m.s. pressure level rises rapidly
through the reattachment process, here it progressively decreases through-
out this region.

These results show that in moving progressively outboard, certain
features of the r.m.s. and mean pressures correlate and also correspond to
certain characteristics of the surface streak pattern. The upstream region
is bounded by a unsteady compression/shock structure resulting in high in-
tensity pressure fluctuations. Downstream of this there is a strong indi-
cation that flow separation occurs, at least in the neighborhood of the

centerline. The physical nature of the separation and details of the flow-

field are difficult to infer with any measure of confidence from the surface

properties alone.

Effects of Fin Leading Edge Diameter and Incoming
Boundary Layer Thickness

Centerline mean pressure distributions for D = 1.27 cm and 2.54 cm
are shown in Figure 13a. These are the averaged Kulite signals and agree
well with those from surface taps. They exhibit the characteristic trends
associated with increasing D/6, namely a decrease in mean upstream influence
and an increase in the pressure level of the upstream peak (Pm).

The corresponding r.m.s. pressure distributions, normalized by <P, >,
are shown in Figure 13b. They both have the same characte;istic features
which correlate well with the X axis normalized by D. In general, at a
given station, the larger fin generates higher intensity fluctuations.

Quantitatively, the ratio of intensities at the peaks is difficult to define,
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since their precise locations are experimentally difficult to resolve.

Both of these fins were tested on the flat plate with a 0.3 cm
thick incoming boundary layer. Mean and r.m.s. pressure distributions
for the 1.27 cm diameter fin are shown in Figures 14a and 14b. The mean
distributions show the changes which would be predicted when D/8§ is in-
creased by a factor of 4. The r.m.s. distributions have similar features
and, although in terms of X/D the peaks and troughs do not correspond, their
relative positions on the mean distribution are essentially the same.
Overall, the thinner boundary layer case has the higher intensity fluctu-
ations.

These results suggest that the effects of changes in D and 6 can be
combined by considering the single parameter D/§. In addition, a simple
dimensional analysis shows that these are the two characteristic lengths
in the interaction. Upstream influence and centerline and fin leading
edge pressure distributions are all dependent primarily on D. For a fixed
§, doubling D, as in Figure 13, approximately doubles the physical stream-
wise and vertical extent of the interaction. This means that a larger
fraction of the wave structure ahead of the fin root is effectively outside
of the boundary layer. The same result occurs if D is fixed and 6 progres-
sively decreased. The pressure-time histories show that when the wave
system is predominantly immersed in the boundary layer (i.e. low D/§), the
amplitude of the "spikes" is reduced. Further, the structure tends to be

more dispersed, consisting of series of waves, rather than-a single, stronger

shock. This results in a higher r.m.s. pressure level at the first peak

PRy as the ratio D/§ increases.
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4. CONCLUDING REMARKS

An experimental study has been made of the unsteady surface pressure
characteristics of blunt fin-induced shock wave turbulent boundary layer
jnteraction. Different diameter fins have been used in different incoming
turbulent boundary layers. A1l tests were made at a freestream Mach number

7wl and under approximately

of 2.95, a unit Reynolds number of 6.3 x 10° m~
adiabatic wall conditions. These measurements have shown that:

a) The flowfield in the vicinity of the fin leading edge is
characterized by a highly unsteady shock wave structure. This structure h
varies continually with the waves forming it undergoing random streamwise
excursions over a distance of about 1D.

b) On centerline the r.m.s. pressure distribution has three dis-
tinct peaks. These peaks, and the overall r.m.s. pressure level, all de-

crease with distance outboard.

¢) The upstream r.m.s. pressure peak is caused by the unsteady
wave structure. The r.m.s. levels at this peak are up to forty times
that of the incoming boundary. This is comparable to that observed in 2-D
step induced interactions. The peak occurs close to the mean upstream
boundary of the interaction. At 4D outboard it has only decreased by
about 50%, indicating that this unsteady structure extends a significant
distance off centerline.

d) The second peak, which correlates approximately with the maximum
surface streak angle seen on kerosine-lampblack patterns, decreases rapidly
outboard and is barely discernible at Y/D of 4.

e) The third peak, which occurs close to the fin root, has an r.m.s.

level up to two orders of magnitude higher than that of the incoming boundary




layer. This peak is swept around the fin leading edge and decreases ex-
tremely rapidly. At 2D outboard it is not detectable.

1 f) The region upstream of the bow shock wave is characterized by

intense fluctuation levels and steep gradients in r.m.s. pressures. In '

sharp contrast, the r.m.s. level downstream of the bow shock steadily

decreases. Within six to eight diameters in the streamwise direction it

is close to that of the incoming boundary layer.
g) The overall fluctuation levels throughout the interaction depend
on both the fin leading edge diameter and the incoming boundary layer

thickness. The intensity of the fluctuations increase with increasing D/§.

Physically, when D/8 is small, the wave structure is predominantly immersed

’ in the incoming boundary layer. This tends to smear out the wave system

i and results in lower fluctuation levels.
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Shock Wave Structures Upstream of the Fin.

Figure 7
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Figure 8. Normalized R.M.S. Pressure Contours.
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Distributions on Centerline.
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Figure 14, Effects of Boundary Layer Thickness on Mean and
R.M.S. Pressure Distributions on Centerline.




